A preliminary design for a high bunch charge (8 nC), low emittance (< 20 mm-mr) radiofrequency electron photoinjector matched to the requirements of the Tesla Test Facility is presented. A 1.5 cell iris coupled r-mode structure with high average accelerating gradient is chosen for its high shunt impedance, simplicity, and ability to accommodate an externally mounted solenoid for simultaneous beam divergence control and emittance compensation. Beam optics are optimized for an overall injector consisting of the electron gun followed by one linac capture section, a dipole chicane for magnetic bunch compression to achieve a bunch length corresponding to n. = 1 mm. Electrical and beam dynamical aspects of the photoinjector design are presented. A description of the proposed experimental program is included.
Introduction
The needs for excellent beam qua!.ity and high peak current beams for free electron laser (FEL) applications have led to the development of the radiofrequency (RF) electron phot,oinjector as a high bright,ness electron source. The demands of a high luminosity linear collider similarly require excellent beam quality, although usually achieved with the aid of a damping ring. The development of normal and superconducting linac structures for linear colliders requires testing the structures under conditions as similar to t,he pla~nned operating conditions as possible. Wakefield analysis, beam loading, multi-bunch instabilities and other beam-cavity interactions require beams of similar charge, bunch length, bunch spacing, and approximate transverse emittance as the eventual collider beam. Analysis of the superconducting structures for the Tera-Electron volt Superconducting Linear Accelerator (TESLA), normal conducting structures for the Next Linear Collider (NLC), or for a proposed [3] superconducting injector for the Fermilab Main Injector will all require high brightness test beams. The construction of an injector to achieve the needed beam quality will require state-of-the-art accelerator technology. To this end, we discuss the applicability of an RF electron photoinjector as a very compact source of high quality beams with high bunch charge, very short bunch length, that is capable of high repetition rates (better than 1 MHz).
The design for a photoinjector satisfying the demands of the TESLA Test Facility (TTF) is presented below. Current TTF and TESLA500 (the next design phase of the TESLA program) requirements are summarized in table 1 below. The experimental program to construct and commission the photoinjector will have three phases. The first, phase involves the testing of the photoinjector under essentially single-pulse operation to address single bunch beam dynamics issues, and to complete the opt,imization of the emittance compensation and magnetic compression assemblies. The beamline outlined below is chosen with flexibility in mind to permit some explorat,ion of parameters, including high-gradient operation of the photoinjector, obviating the need for a magnetic compression chicane altogether, a,nd different emittance compensation lens strengths and positions. Optics for splitting and delaying the photocathode exit&ion laser pulse to provide a train of as many as ten pulses will be fitted towards the end of phase I to begin the study of wakefield and beam loading effects. Phase I forms part of an established research and development collaboration between Fermilab a,nd UCLA to address beam dynamics issues of very high brightness symmetric and asymmetric emittance electron photoinjectors. Beam physics results are expected for both symmetric and asymmetric injecdors by mid-1995.
Phase II will commence with the installation of the prototype laser system, which is presently under study by both industry and colleagues at the Max Born Institut fiir Physik in Berlin. Industry has already demonstrated both the technology and the willingness to pursue the design of the laser system. The three stage Ti:Sa/LiSaF system will produce the required train of 1000 pulses spaced 1~s apart, allowing testing of the photoinjector under conditions identical to those of the TESLA500 linear collider. Appendix B details the requirements of the photocathode drive laser. Funding and the precise scheduling of activities during phase II have yet to be fully decided.
Phase III entails delivery of the laser system, photoinjector, linac section, magnetic compression chicane and diagnostics to the TTF at DESY in the winter of 1996-97. Commissioning of the photoinjector assembly at DESY will complete the symmetric emittance photoinjector project.
Beam Dynamics Considerations
The need for substantial bunch charge with good beam quality requires that the RF accelerating gradient, in the photoinjector be relatively high to reduce space charge induced emittance growth, a,nd that, emittance compensation described by Carl&n et al [4] be implemented to reduce the correlated space charge emittance growth. RF contributions to the emittance must be carefully controlled, requiring that nonlinear variations of the accelerating field in both the radial a,nd longitudinal direction be minimized, and that the beam dimensions and accelerating gradient be carefully optimized. The Carlsten emittance compensation scheme requires that the bunch be given a focussing kick early on to start the gradual reclosure of the phase space '<fan" that results from the longitudinal variation of the transverse space charge fields. The variation of the space charge fields results in a correlated emitta,nce growth that can be partially reversed with a focussing kick from a linear lens. Ideally, the kick should take place ahead of the beam's exit from the RF photoinjector, as the time-dependent defocussing that takes plxe within the RF structure, which can interfere with the proper implementation of emittance compensation, depends on the square of the transverse beam size [9] and will be significantly smaller if the beam is focussed as close to the ca,thode as possible. As the emittance 4 compensation scheme is sensitive bot,h to the strength and to the longitudinal position of the focussing kick, a second solenoid, downstream of the RF feed for the full cell, is added to allow exploration of the efficacy of the compensation as a function of lens strength and position, with the ratio of the currents in the upstream and downstream solenoids determining the effective magnetic center of the lens, and the sum of the currents determining the overall focal length. A bucking coil to cancel the longitudinal magnetic field on the cathode completes the focussing assembly. Figure 1 provides a schematic representation of where the three solenoids are positioned. The bevelled edge on the downstream side of the first focussing solenoid is to accomodate two laser ports at zt54' to the axis. The bucking coil manifests the sa~me bevel for symmetry, not for mechanical clearance reasons. The first focussing solenoid and bucking coil have opposing fields, and geometries determined mostly by the space available between the laser ports, the gun exterior, and the cathode plane. The third solenoid follows immediately after the full cell of t,he gun and has no such space constraints. The solenoid was designed to provide sufficient on-axis focussing strength to allow emittance compensation of beams with normalized energies up to 7 = 9.0 on exit from the gun. Table 2 below specifies the electrical characteristics of the first focussing solenoid and the bucking solenoid. The peak field is specified with the bucking solenoid set to cancel the magnetic field at the cathode.
A short section is introduced after the photoinjector to allow the positioning of a six way cross for diagnostics, a vacuum gate valve, and a short, drift, to allow the emittance compensation the required time to act before accelerating the beam further, thus "freezing out" the space charge forces.
As the photoinjector is optimized to deliver the required transverse beam quality with reasonable RF power, the lower accelerating gradient will require a longer bunch length to reduce the space charge emittance growth during the relatively longer acceleration time. As a result, compression of the beam must be undertaken once the beam reaches moderate Table 2 : Electrical chwacteristics of the first focussing and bucking solenoids energy. Magnetic compression requires that the beam pass through a dispersive optical element, making use of a linear energy-phase correlation to reduce the bunch length. Space charges forces will degrade all three emitta,nces during compression, resulting in poor beam quality if compression proceeds for too long or at too low a beam energy. It is therefore opt,imal to compress at the highest energy possible (thereby reducing the space charge forces) that beamline space allows. The TTF experimental area, has r&her limited space, mot,ivating the choice to place a magnetic compression chicane at a lower energy (20 MeV). The proposed beamline is depicted in schematic form in figure 2 below. Detailed simula,tions --CIyomcdule #l CIyomcdule #l Cryomodule #2 Crjomodule ,%I Cryomodule W Cryomodule #2 Crjomodule ,%I Cryomodule W Figure 2 : Layout of beamline components for the Tesla Test Facility of the photoinjector performance were completed using a modified version of PARMELA that accepts field maps for both RF cavity fields and static solenoid fields.The modified code also calculates the effects due to image charges on a metallic photocathode, and has several diagnostics tailored specifically to reveal the underlying phase space dynamics of emittance compensation. Compression is estimated using the longitudinal emittance of the beam and asuming an ideal linear transformation on the phase space to produce the compressed bunch. Emittance growth resulting from compression is estimated from Carlsten's analysis [5] , assuming a short bunch with a, ra,dially uniform charge distribution:
where I is the peak compressed current, S is the path length over which the compressor 6 dipole fields act on the beam, G is a geometric factor between 0.2 and 0.5, and the Alfven current I* = 4ir+J",cs/e. Table 3 below details the predicted performance of the photoinjector setup. Emittance values quoted are one sigma, normalized values enclosing 100% of the sta,ted bunch charge. (In each case, this represents 80% of the total initially launched charge, with the 20% excess "guard charge" being collimated away) Two different operating scenarios were examined: high bunch charge (8 nC/bunch) operation for testing of HOM energy deposition in superconducting RF linac structures, and low bunch charge (1 "C/bunch) operation for injecting into a free electron laser (FEL). Sg 'fi I m cant effort was devoted to optimizing the 8 nC scenario, both for highest beam quality, and for lowest possible RF power consumption. The low charge (1 nC) case was derived by scaling the bunch radius and length to preserve the bunch core charge density, thereby allowing the emittance compensa,ting lens configuration and strengt,h to remain essemially unchanged. Although the 1 nC case outlined below has not been fully optimized, good beam quality (c = 2.5~ mm-mr) a,nd moderately high peak current (80 Amperes) are present before compression, which contributes approximately 0.52 7i mm-mr to the transverse emittance while raising the peak current to 120 Amperes. Figure 4 shows analogous plots for operation at 1 nC bunch charge. For reference, the gun exit is located at z = 20.7 cm, is followed by a, drift up to z = 96.2cm where the beam enters a 9 cell linac extending to a = 200. cm, where the beam is again in a drift.
RF Design of the Photoinjector
Simplicity, high shunt, impedance, and the ability to accommodate an externally mounted focussing solenoid close to the cathode region m&iv&ad the choice of a 1.5 cell T&e,, mode structure. The need to induce a strong on-axis magnetic field made the use of a superconducting cavity problematic, and the need for a high accelerating gradient eliminated the choice of a superconducting gun altogether. The Brookhaven/Grumman [Gun I] S-band photoinjector [lo] was taken as a starting point for the design of the TTF injector; the resonant frequency, waveguide coupling, intercavity coupling, and longitudinal exit aperture profile were modified to yield an L-band structure with good shunt impedance and field balance characteristics.
Placement of the focussing solenoid around the first half cell of the gun completely occludes all reasonable locations for an RF coupling slot, requiring power for the half cell to be coupled in either magnetically through a series of coupling slots placed at the maximum of t,he azimuthal magnetic field, or electrically by widening the iris. Slot coupling is known to excite higher order azimut,hal spat,ial harmonics in the RF field causing unwanted nonlinear
Figure 4: Emittance a,nd envelope evolution for 1 nC opention, final phase space plots RF transverse emittance growth. Widening the iris for improved group velocity lowers the shunt impedance and affects the radial spatial harmonics (flattening the near-axis radial vwiation of E, as a benefit) and reduces the strength of the higher order longitudinal spatial harmonics. This somewhat unusual coupling scheme has already been employed successfully in a photoinjector for a free electron laser [14, 131. Although RF power efficiency was of prime concern in designing the photoinjector, the sta,ndard shunt,-impedance increasing procedure of decreasing the gap length with the addition of "reent,rant noses" on the entrance and exit irises was not undertaken. Alt,hough such a geometric modification can appreciably improve the power efficiency of an RF structure, it does so at the expense of significantly enhancing the nonlinear components of the accelerating field. As the rms bunch radius for the high-charge case is significant, (7 mm at the maximum, 10 cm from the photocathode), nonlinear RF emittance growth in such a cavity would be unacceptably large. Also, the large accelerating gradient (twice the Kilpatrick threshold) makes an RF structure with a low peak-field to accelerating-field ntio especially desirable, making the addit,ion of any geometric disturbances in the high electric field region of the cavity undesirable.
An elongated half cell was chosen to provide improved beam divergence control (A small amount of RF focussing occurs in the region right off the cathode as a result of the lengthening) and additional time to start the solenoidal focusing kick to initiate the emittance compensation before the time-dependent kick of the first iris becomes appreciable. After some optimiza,tion, a half cell length equal to :e was chosen. To ameliorate further higher spatial harmonic pollution of the accelerating mode, the full cell has a length that is exactly *.
The iris diameter between the full cell, where RF power is coupled in, and the half cell was chosen to yield strong enough coupling that the longitudinal position of the photocathode could be used as a frequency tuning mechanism without causing a substantial shift in the field balance between the two cells. Various field balance options were considered, motivated by the possibility of using RF focussing at the first iris on the one hand, and by the possibility of improved longitudinal phase space linearity (and thus compressibility) on the other. A field imbalance between the half and full cell could be made to enhance the time dependent focusing kick centered at the first iris, but was found to significantly interfere with emittance compensation, degrading final beam quality, and was not pursued further. Thus a balanced (E$,k" = Ej$:;") field profile was chosen. To ensure the field bala~nce, the mode separation was chosen to be approximately 2.5 MHz (40 times the -3dB cavity bandwidth), implying a coupling constant of y = 0.19%. Assuming the half cell field to be El = 45 MV/m, the full cell field Ez = 35 MV/ m, the stored energy C' = 10.55, the iris thickness to be d = 1.5cm, and the free space wavelength X = 23.061cm,the electrical coupling iris radius needs to be [6] :
where a = k, (X/X,)* -1 is the attenuation length for the T&l mode. Simulation of the cavities using the Superfish code yields y = 0.189 for an iris radius of 2.0 cm, in good agreement with prediction. As the hole is not uniform in radius, (rather the edges are rounded to prevent field line concentration) the coupling constant for the simulated and actual photoinjector will be somewhat higher than equation 2 predicts.
The effects of beam loading also bear directly on the choice of coupling strength, as loading in each cell of the photoinjector is different, leaving the fields slightly imbalanced (if the zero mode is weakly excit.ed) after the bunch has passed. The coupling strength will influence the recovery time of the photoinjector, which must be significantly less than the time bet,ween bunches. In view of the short time between successive bunches, and the large number of bunches per pulse, a simple examination of the RF transient response of the phot,oinjector was made. A lumped circuit model, shown in figure 5 , was used to analyze the fX rates of the t,wo cavities, and verify that the coupling was adequate. The coupled where the lumped circuit component values were estimated using the loaded Q, structure impedance 2, (not ZT'), and the resonant frequency of the individual cavities as calculated by Superfish. Direct numerical integration of the exact equations using a 4th order Rung+Kutta algorithm generated figure 6. The mode amplitudes are shown on the left as a function of time for the first 25ps, and in a Lissajous plot on the right, showing the relative phase of the two cavities as the r-mode builds up. The beating of the zero and pi modes is plainly visible during the fill in both mode plots, but as the zero mode is undriven and damps exponentially, there is little modulation of the mode amplitudes once the cavities are filled. More significant, however, is that the fill times for the two cavities are indeed comparable, despite the small coupling constant. This can be explained by noting that the Q of the cavities is much larger than the inverse of the coupling constant.
Beam loading in the half cell is expected to be:
which is to be compared with the power dissipation on the walls of the half cell:
for E, = 35MV/m, or less than 2%. Since the entire cavity fills in ~TRF = 8.7~sec, recovery from beam loading will be well within the 1 p,sec requirement. The afarmentioned pi-mode iris-coupled structure [14] has much more severe beam loading (2. (HFSS), which is a fully three-dimensional finite element frequency domain electromagnetic code. As a guide for choosing the dimensions of the coupling slot, Gao's expression (71 for the coupling constant, p, derived using Bethe's formalism for computing the perturbation of cavity fields due to apertures [2] , was employed, with the dissipated power PO taken to be the total power dissipated in both cavities:
With the impedance of free space 2, = 12On, the free space RF wavenumber k, = e, the waveguide propagation constant I'ro = k,\/l -(X/~LX)~, the aperture mode attenuation constant a = kodm with cutoff wavelength X, = 3.41J[;T, 6 being the aperture depth, W,, and H,, the width and height of the waveguide, respectively, Hd the tangential magnetic field strength at the aperture location, and the aperture eccentricity e,~$-_T1. (1 (t) ) Frgure 7 below shows the characteristically rapid variation of p with aperture length. The length of the aperture in the z-direction is held fixed at 2.0 cm for both plots. In view of the very light bexn loading (18.5 kW at E,=35 MV/m), the unloaded cavity coupling coefficient need not be adjusted much to assure critical coupling with the beam present. The adjusted unloaded cavity coupling coefficient should be &, = 1 t e or a~pproximately 1.02 for this case. In addition, this effect can be controlled by feed-forward on the rf amplitude.
The opening of the coupling slot on the outer wall lowers the cavity frequency because of the effective increase in the cavity volume in an H-field dominat,ed region. We examined the possibility of compensating for the frequency depression by a simple technique. The waveguide end may be pushed into the volume of the cavity, producing a flat region that not, only decreases the volume of the cavity, thereby raising the frequency, but makes the thickness of the waveguide coupling slot more uniform. The two frequency perturbations csn be made to cancel by an astute choice of the waveguide's penetration distance into the cavity, once the required dimensions of the coupling slot are known. The intrusion depth for this RF structure was calculated and found to be too small to warrant the a,dded machining complication. Instead, the radius of the full cell has been adjusted to provide the required equal and opposite frequency shift.
Lastly, the waveguide taper, required to allow space for the first focussing solenoid (see figure 1) and to match the WR650 waveguide to the cavity, was chosen to be a standard X/4 stepped transformer. Simulations with HFSS indicate that suppressing reflections by 20 dB or more is straightforward. The electrical properties of the accelerating structure are summarized in Table 4 : Electrical Properties of the Photoinjector
As with any asymmetrically iris-coupled structure, the electrical center of the fields is shift,ed towards the driving iris. A least squares fit of the near-axis data from HFSS reveals that the displacement of the field maximum is 5 0.39mm from the geomet,ric center of the cavity. Such a small shift (which is present only in the full cell, owing to the RF coupling scheme used) is not enough to warrant a cavity geometry alteration to c.ompensate.
Run time tuning of the photoinjector will be accomplished with the aid of four largely separate controls. Gross frequency tuning of the photoinjector as a whole will be accomplished by regulating the cooling water temperature. Thermal analysis of a similar L-band structure dissipating much higher average power (150 kW, versus 45.0 kW for the present case) found no serious difficulties in providing adequate cooling [ll] .
Indeed, an S-band structure sustaining the same duty cycle (1%) but higher accelerating gradient (by a factor of 2), and thus substantially higher dissipated power density (by a factor of 20), has been designed and successfully operated at Brookhaven National Lab [lo] .
For an L-band copper structure, the frequency change per degree Kelvin is approximately 
Diagnostics and Instrumentation
The layout of the Argonne National Laboratory photoinjector test setup is shown in Figure 8 below. Instrumentation of the beamline has been chosen to permit, exploration both of the injector performance in general, and to allow direct observation of emittance compensation. A new approach to emittance measurement has been proposed to explore the , and of three-dimensional spatial distribution at LEP [I] h ave been successfully undertaken, measurements with sufficient resolution (picosecond or better) to observe the emittance compensation process have not. Figure 9 provides a schematic of the proposed measurement. A detailed analysis of the apparatus will appear in the near future, but, a brief description is included here for completeness. The space charge dominated beam is brought to a non-ballistic waist (ie particles do not cross the axis) and collimated into several emittance dominated beamlets by a slit emittance mask. The beamlets retain the transverse temperature of the original beam, but at such reduced charge that space charge forces within the individual beamlets contribute negligibly to their momentum spread. The beamlets then drift several meters to allow the correlated transverse momentum time to impart a measurable transverse distance offset, and are passed through a cerenkov radiator to produce an optical signal that can be extracted from the beamline. The light is focused (optics not shown) onto the photocathode of a streak camera, and the streaked image recorded with a high resolution CCD camera. The spread of the light from each beamlet may be analyzed to unfold the contribution due to the transverse temper&we of the beam from the natural sprea,d angle of the &renkov radiation. The centroid of the beamlets at the radiator provides the centroid of the transverse momentum spread, while the transverse position centroid is known immediately from the separation of the collimator slits. From these data the transverse phase space of the beam may be reconstructed as a function of longitudinal position within the beam. The slit separations are chosen to ensure that the light from adjacent beamlets does not overlap at the CCD camera. The measurement will be made at two locations, once at the photoinjector exit, and again at the exit of the linac, allowing comparison of the beam's slice emittances immediately after the focussing kick, and shortly after the emittance compensation minimum has occured.
With this diagnostic, investigation of the effectiveness of emittance compensation will be explored as a function of compensating lens position and strength by a.djusting the current sum and the current ratio, respectively, of the two focussing solenoids depicted in figure 1 above. With inform&ion about the actual slice emittances (uiz. the emittance of a subset of the beam electrons between z and t + AZ) and the orientation of the slice emittance ellipses before and after compensation, detailed study of emittance compensa,tion will be possible for the first time.
In addition, two integrating current transformers will be mounted, one immediately downstrea,m of the photoinjector to non-destructively monitor bunch charge at emission, and another after the collimators downstream of the first linac section to monitor final beam charge. Ordinary fluorescent screens, fitted with CCD cameras, used with the emittance slit mask, will provide ensemble emittance measurements as a cross check for the time resolving emittance measurement. A dipole spectrometer (not shown) wiIl be mounted at the end of the beamline for beam momentum analysis.
The RF and la,ser systems at Argonne National Laboratory Wakefield Accelerator Facility are under computer control through a combination of LabView and custom Tcl/Tk based software, The TTF photoinjector will make use of the existing RF and laser systems, adding a separate LabView-based cont,rol system to run the dia,gnostics. A number of LabView "virtual instruments" (VIs) have been developed to operate similar equipment, at, the UCL.4 Particle Beam Physics Laborat,ory, and will be transferred to the TTF photoinjector with minimal additional programming effort. The time-resolved emit,tance diagnostic will require the development of custom software to process the streak data.
Timetable
A timetable indica,ting the expected sta,rt and end dates of the three phases of the photoinjector design program is shown in figure 10 below. Annual boundaries shown are those of t,he fiscal year. Work begun on the hardware development at the time of this writing includes emittance measurement system development, and construction of a cold test model of the 1.5 cell gun.
Conclusion
An RF and beam optics design for a Tesla Test Facility compa,tible electron photoinjector has been developed and presented here in brief. Further work to improve the beam dynamical aspects of the photoinjector assembly will continue, focussing on improvements in beam compressibility and a careful examination of the photoinjector's operation at reduced charge, of particular interest for the proposed FEL user facility that, may evolve from the TTF.
Timeline for Photoiniector Development would, while rotation of the paddle controls whether the axis of the paddle is parallel to the cavity field polarization, t,hereby sampling the cos(k,t) drop off of the fields, or perpendicular, interrepting roughly constant fields, and giving the greatest frequency shift. From Sk&r's theorem, a perturbation in the geometry of an RF cavity produces a shift in the resonance frequency that is approximately proportional to the amount of electric and magnetic field energy displaced:
with U representing the tot,al stored energy in the cavity, and V the volume displaced by the perturbing object. The electric and magnetic fields for the lowest space harmonic of the TMom,n mode of a pill box cavity (with on axis irises at both ends), with radius R and length L, are: E,(P,B, 2) = -Eo~Jl(kmPlR) cos(kzz) E&, 0, ~1 = &JO(.&~/R) sin(b) H&, 0, z) = &fi&.h(hp/R) sin(h) (8) with k, = kol/R, kol = 2.4048... and k, = T/L,. The volume of integration may be separated into two parts, the first estimating the frequency shift due to the cylindrical portion of the paddle, the second, the shift due to the paddle itself. Assuming the boundaries follow constant coordinate surfaces for ease of integration, (reasormble only for small perturbations to the cavity geometry) both integrals are of the form:
where K E &, As the paddle is indeed a small perturbation on the exterior wall, the fields may be expanded in a Taylor series about p = R, to yield:
and the integrals evaluated (keeping terms to second order in (p/R -1)):
where the notation AW is understood to mean the difference of the displaced magnetic and electric field energies AW, -AWE. The cylindrical portion of the paddle may be approximated by a square cross section plunger of equal cross sectional area, yielding the contribution:
which is, of course, independent of the paddle's orientation with respect to the electric field polarization. The contribution due to the paddle when aligned with the field is:
* and when perpendicular to the field is:
where a,b,c, and 6 are defined in figure 11 above. With the total stored energy in a T&m pill box field expressed a: 
It, is convenient to set the paddle dimensions to give a few megahertz frequency variation in 5 mm of insertion distance, and a frequency difference due to paddle rotation equal to three times the minimum settable frequency difference. By this choice, a large frequency adjustment range is available with coarse control via linear positioning and fine control via paddle rotation. Figure 12 Although a munber of different methods of producing electrons have been developed and successfully used in electron guns, the highest current densities (> lkA/cm') possible with a laser driven photocathode are well matched to the high peak current requirements for the TTF and TESLA500 linxs.
Additionally, some flexibility is available in the shaping of the charge distribution within the laser-generated beam, allowing some control over the nonlinear space charge contributions to the emittance.
A laser system suited to the requirements of the TTF and TESLA500 injectors is summarized in table 5 below. Laser pulse energies are listed for two photocathode materials which roughly represent the two extremes of photocathode performance: a metallic cathode (Yttrium is taken as an example), with low quantum efficiency (QE), and a semiconductor photocathode (CszTe) with excellent QE. Restrictions on the timing jitter arise from the need to launch the bunch at a particular time during the RF cycle to minimize the RF contribution to the emittance growth, while restrictions on the amplit,ude jitter are needed to ensure consistent charge per bunch, and thus consistent beam loading in the downstream linac sections.
Discussions with members of industry ha,ve led to the conclusion that a laser matching the outlined requirements is technically feasible, although challenging. The conflicting requirements of high gain (for useful output pulse energy) and very long pulse trains (requiring little sag or fluctuation in the gain as subsequent pulses are amplified) will require state-of-the-art gain media, and potentially some form of closed-loop control system, as suggested by the researchers at the Max Born Institute.
Development of a laser sat,isfying the above parameters is underway at the Max Born Institut fiir Physik. A preliminary proposal for a three-stage Ti:Sapphire/LiSaF system is shown schematically in figure 13 The phase space measurement system initially implemented by Spencer Hartman on the UCLA PBPL rf photocathode gun has been upgraded, and a new system has been designed to measure the emittance at higher energy, after the emittance compensating drift and acceleration in the PWT linac. The purpose of this note is to describe the design criteria and physical principles involved in obtaining systems which provide the resolution in phase space measurements that we require. The final slit and detector hardware designs are included, the video data acquisition and analysis will remain nearly unchanged from Hartman's system.
The purpose of collimating the high intensity electron beam with the slits in these devices is two-fold. The first purpose is of course to separate the beam into many beamlets, whose intensity distribution at some downsmeam point can be measured to give the phase space distribution of the beam; the width of each beamlet gives a measure of the width of the transverse momentum distribution at each slit, and the centroid of the beamlets gives the correlated offset of the momentum distribution at each slit.
The second purpose is of prime importance for our beam, since it is space-charge dominated for almost all energies and beam-sizes of interest after the gun. This is quantified by comparing the space charge and emittance terms in therms beam envelope equation in a drift space 41 ux"=&+ ylI,(u*+u,)
where I is the peak beam current, IO = et/r, is the Alfven current, the beam is assumed relativistic ( y >> 1, p = l), E, is the normalized emittance, and, of course, an analogous equation exists for uY. Now, taking the ration of the second to the first terms on the right hand side of the envelope equation, and assuming a round beam (0, = Ok 9 a,), we have a measure of the degree of space charge dominance over emittance in driving the evolution of the beam envelope, One can see that for the relevant energies in our beamlines and experiments, that our high brightness beams are space-charge dominated (Rr, >> 1) except near small waists, and thus linear transport theory cannot be used to measure the emittance (e.g. quad scanning). Collimation with slits mitigates this situation, however, by creating low current, small a, beamlets which have the same uncorrelated "temperature" as the original beam. Noting that the rms size of a uniform beamlet created by a vertical slit of width d is cr, = d/&f?, and assuming a, >> cry, we have a space-charge dominance ratio for the beamlets, This is ratio is similar in slit size scaling to that found by Hartman for round holes. For our case, at low energy (E = 4 MeV, I = 200 A, E, = 4 mm-mrad), it is acceptable to have d = 50 pm slits (see the calculation sheet included as an Appendix), that is Rb << 1, and the beamlets are emittance dominated. It is apparent that, at least from this point of view, that at high energy the same slit width will be adequate, as the ratio scales as Y -1 .
There are, in fact, other design considerations which impact on the choice of slit width, having to do with the angular acceptance of the slits. The depth of the material (stainless steel) used to intercept the beam is dictated by our desire to either stop the beam or scatter it sufficiently so that it doesn't affect the measurement of the nonintercepted beamlets. The stopping distance of the beam is approximately
for an initially minimum ionizing particle. It is straightforward to stop a 4 MeV beam., but with a 16 MeV beam, the length of the slits becomes impractical. The beam scatters off of nuclei as it slows down from ionization losses, and the final rms angle associated with the beam after propagating a distance L in the stopping material is approximately
where L, is the radiation length in the material (1.4 cm in steel). If we require a multiple scatter angle of approximately unity, then a 16 MeV beam will need about 5 mm of steel to intercept and scatter it; this is in fact the design value we have chosen.
Once this length has been chosen, one can examine the angular acceptance of the slits. The fust thing one needs to do is to specify an rms beam angle associated with the finite beam emittance, which assuming we place the slits at a waist, is This angle, which for a beam size of a, = 1.5 mm, with E = 4 MeV, E, = 4 mm-mrad, is I$ = 0.5 mrad. This should be much smaller than the half angle of the slit aperture, as it is for our case, in which d / 2L = 5 mrad.
The slit separation w is chosen to be much larger than the slit width d and smaller than the beam size, to ensure that we can resolve the beam. In our case, the slit width is taken to be 0.75 mm. This width must also be consistent with not allowing the beamlets to overlap at the detecting phosphor, a condition which depends on the distance of the drift to the phosphor Ld. The ratio to the beamlet widths to their separation, which should be much smaller than unity, is while the ratio of the beamlet rms size at the phosphor to its size at the slit, which should be larger than one to achieve resolution of the uncorrelated angular spread in the beam, is
Since one of these ratios should be small and the other large compared to unity, if we set their geometric average equal to unity (R-k, = 1). we can optimize the drift length to be 26 which for our case yields Ld = 85 cm. This optimum is of course quite broad, so we are free to choose a more convenient value as long as it is with a factor of two or so; we have chosen Ld = 60 cm for the 16 MeV system.
Once the drift length is specified, there is another criterion which should be examined for the diagnostic to give unambiguous results, that the contribution to the measured emittance from the residual space-charge forces between beamlets is smaller than that due to the true uncorrelated angular distribution at the slits. Again assuming the slits are at a waist (this gives the highest estimate of the space-charge effect), we have Again, this quantity must be much smaller than one. For our present design it is about 0.25, but it should be noted for Hartman's measurements it was in fact greater than one.
The subject of slit scattering is a bit complicated, but a detailed calculation using EGS is not necessary if estimates that the signal to noise due to slit scatter is not of order 100 or less. For our case, this is greater than IO'. It should be noted however, that a misalignment of the slits can generate anomalously large slit scattering effects, and thus care must be taken to avoid this situation. The layout of the emittance slits in the beamline, and their hardware design are shown in an Appendix. More care has been taken in the machining specifications for the slits, to ensure that they are flat over the entire surface parallel to the beam propagation. This is accomplished by electron discharge machining (EDM), and is essential for our slit systems (and others being developed for Argonne and Fermilab which have even narrower slit requirements). The slits are now mounted on a rotatable actuator which is driven by a stepping motor, eliminating the tedious job of aligning the slits by hand. Electrical dimensions and tolerances derived from physical constraints on the resonant frequency, coupling constant, and normalized structure impedance are listed in table 6 below. Engineering drawings of the cold test model components follow on the subsequent pages. Constraints on the cavity resonant frequency, fO, set by the available tuning range of the paddle tuners, cathode plunger, and thermal control system, are necessary to have the resonant frequency of the structure fall at the desired frequency, and to avoid field imbalance (viz. the ratio ,??&,$"/I?~$~$'
) problems due to a, mismatch in the individual cavity resonant frequencies. As the outer walls of the cavity experience substantial magnetic field, the frequency of the cavity varies rapidly with radius, placing tight tolerances on the radii. Tolerances listed below derive from the frequency constraint. Af 5 1MHz.
The coupling constant y prescribes the frequency separation of the zero and pi modes of the structure, and controls to what extent movement of the photocathode perturbs the field balance. So long as gamma is large enough to provide for well separated zero and pi mode frequencies, (ie. the separation is greater than a half Q-width: w, -w, 2 %, where w. is the resonant frequency of the uncoupled cavit,y) small changes in y will not appreciably alter the field balance. Correspondingly, the tolerance on the coupling constant, is generous at Ay < .05%.
The normalized structure impedance, p, determines the behavior of the photoinjector when coupled to an RF source. Optimal power transfer from RF source to accelerating structure occurs when p G ~~~"lL"~+A'O"' = 1. Tolerance on the physical dimensions of iransmi..lon system the coupling hole are tight, owing to the rapid (M (slot a,rea)s) variation of 0. Stipulating that the reflected power from the cavity not exceed 1% requires 0.818 < p < 1.222. dimensions in centimeters unks -IS specified 
